ABSTRACT The design of two high-gain Fabry-Perot antennas with wideband low monostatic radar cross section (RCS) is presented in this paper. First, a phase gradient metasurface (PGM) without lossy layer is used to realize in-band RCS reduction and high aperture efficiency, simultaneously. The simulated results show that its peak gain is 19.2 dBi, and a high aperture efficiency of 58.6% is achieved. By utilizing the PGM structure, the monostatic RCS is reduced from 7 to 11 GHz, and the in-band co-polarization RCS is reduced by 13.1 dB. After that, a PGM with metamaterial absorber is designed to broaden the bandwidth of RCS reduction. A prototype antenna is fabricated and measured. The peak gain of 17.9 dBi is obtained, and the monostatic RCS is reduced in a wider frequency band of 7-15 GHz.
I. INTRODUCTION
Radar cross section (RCS) reduction of antennas has drawn more and more attention in recent years since antennas usually contribute significantly to the total RCS of lowobservable military platforms. As a special kind of scatterer, antennas have two scattering components known as structural mode scattering and antenna mode scattering [1] , [2] . The antenna mode scattering is directly related to the fact that the antenna is designed to radiate or receive with a specific pattern. As a result, methods of RCS reduction for ordinary metallic targets can't be simply applied to the in-band RCS reduction, especially for in-band co-polarization RCS of antennas. Thus, designing antennas with low RCS in their operating bands is not an easy task.
Monostatic RCS is for the case when the transmitting and receiving antennas are at the same location. For most practical applications, only the monostatic RCS is concerned since the transmitting and receiving antennas of the surveillance radar are usually at the same location. With the rapid development of stealthy technology, several methods have been investigated to reduce antenna monostatic RCS in recent years. Antennas with modified structures [3] , [4] can scatter the incident electromagnetic (EM) waves into nonthreatening directions and achieve wideband RCS reduction. Periodic structures, such as frequency selective surface (FSS) [5] - [7] , artificial magnetic conductor (AMC) [8] , [9] , radar absorbing material [10] - [12] and polarization rotation metasurface [13] , can also be used to obtain antenna RCS reduction. However, these methods can just maintain the antenna gain or even lead to gain deterioration. Furthermore, periodic structures usually increase antenna dimensions without gain enhancement, which results in a relative low aperture efficiency. In order to achieve RCS reduction and gain enhancement simultaneously, several low-RCS Fabry-Perot (F-P) antennas [14] - [18] have been proposed. However, all of these F-P antennas don't realize in-band co-polarization RCS reduction and high aperture efficiency at the same time.
The aim of this paper is to address the issue above and present an F-P antennas which realize wideband low RCS for both co-polarization and cross-polarization incident waves and high aperture efficiency simultaneously. We have designed two partially reflective surfaces (PRS) based on phase gradient metasurface (PGM) [19] , [20] with and without metamaterial absorbing (MA), respectively. Compared with other antennas in previous literature, our design has the following unique contributions: 1) wideband RCS reduction including both in-and out-of-band frequency regions; 2) realization of high aperture efficiency and in-band RCS reduction for both co-polarization and cross-polarization simultaneously. The rest of the paper is organized as follows. Section II describes the topological structure of the proposed F-P antennas and discusses their working principles. Then the experimental results of the fabricated prototypes of the proposed antennas are presented in Section III. Finally, the paper is concluded in Section IV.
II. DESIGN OF THE HIGH-GAIN F-P ANTENNAS AND THE MECHANISM OF RCS REDUCTION
The structure of the proposed F-P antenna based on PGM without MA is shown in Fig. 1(a) . Two superstrates working together as a reflective surface are placed above a microstrip antenna. The lower superstrate S l consists of an 8 × 8 array of square loops with the same size, as shown in Fig 1(b) . Fig. 1(c) shows the superstrate S u , which is composed of an 8 × 8 array of square patches with size variation in the x-direction. Both arrays of loops and patches have the same period of 15 mm. The coordinates (x, y) of the feeding points and the center of the microstrip antenna are (X F , 0) and (X p , 0). The values of the parameters are shown in Table 1 . 
B. MECHANISM OF THE PROPOSED LOW-RCS F-P ANTENNA
For the case of radiation, the two layers of superstrates work as a partially reflective surface and form an F-P antenna with the microstrip antenna. To investigate the S-parameters of the PRS, numerical simulations have been carried out by adopting commercial software HFSS_v13. The reflection magnitudes and reflection phases with different values of W m are shown in Fig. 2(a) and Fig. 2(b) , respectively. The simulation model for the unit cell of PRS is inset in Fig. 2(a) . The incident wave propagates from Port 1 to Port 2. The unit cell has two layers and the square loop is printed on the first layer when seen by the incident wave. It can be seen that the reflection magnitudes with different values of W m vary from 0.96 to 1 and the reflection phases vary from −164 • to −167 • at 8.4 GHz, which illuminates that the size of the square patches have little influence on the S-parameters when the incident wave propagates from Port 1 to Port 2.
The F-P antenna can obtain a very high gain and aperture efficiency when the spacing between the substrate of the feed antenna and the PRS (d1) satisfies the following condition [21] :
where ϕ PRS and ϕ G are the reflection phases of the PRS and the metallic ground plane of the microstrip antenna respectively, ε A is the relative permittivity of the substrate of the microstrip antenna and λ is the operation wave length. According to equation (1) , the initial value of d 1 is 18.5 mm which is then optimized to 18 mm. The S11 and peak gains of the F-P antenna with different values of X P are given below. It can be seen from Fig. 3 that the proposed F-P antenna resonates at 8.4 GHz The −10 dB impedance bandwidth is about 80MHz (from 8.38 to 8.46 GHz) and a peak gain of 19.2dBi is obtained.
For the case of scattering, the two layers of superstrates as well as the metallic ground plane of the microstrip antenna work as a PGM. PGM are two-dimensional structures manipulating light by imparting local, space-variant phase changes on an incident EM wave. The anomalous reflection of PGM is governed by the generalized Snell's law [22] 
where θ r and θ i are the angle of incidence and reflection, respectively (in this work, θ r and θ i are the angles of incidence and reflection down from the z-axis). ∅ is the phase difference between two adjacent elements of the PGM and d∅/dx is the phase gradient in x direction. Since the dimensions of the patches printed on the upper superstrate (S u ) vary in the x-direction, there is a phase gradient in the x-direction. As a result, the angle of reflection θ r is different from the angle of incidence θ i and thus, the monostatic RCS will be reduced. For RCS reduction under a normally incident EM wave (θ i = 0 • ), the reflected angle is not larger as it is better. This is because although the main beam of the reflected wave points to a non-threatening angle, there are still side lobes. If the side lobe points to the backward direction of the incident wave, the RCS would not be reduced well. Therefore, here we use an effective strategy for monostatic RCS reduction: make the pattern trough between the main lobe and first side lobe point to the backward direction of the incident wave in the xoz-plane by optimizing the reflection phase of the proposed PGM in the x-direction. As a result, a good RCS reduction can be obtained without a large phase gradient, which simplifies the design of each unit cell of the PGM.
Since the dimensions of the patches printed on the upper superstrate (S u ) vary only in the x-direction, the proposed PGM can be modeled as a 1×8 reflect array in the x-direction. Thus, the array factor can be calculated as follows [23] :
where m i is the reflection magnitude, d 1i and β 1i are the distance and phase difference between the first element and the ith element respectively. Since we are only concerned about the monostatic RCS of the proposed antenna under the normally incident EM wave, the value of θ in equation (3) is selected to be 0 • . Assuming that the reflection magnitudes m i are 1 and the phase differences between each adjacent unit are the same, the normalized array factor f a versus the phase difference is given in Fig. 4 . It can be seen that when the phase difference is 45 • , the first pattern trough is obtained.
To have a phase difference of 45 • between each adjacent unit cell, the parameters of the patches are optimized as given in Table 1 . The reflection magnitudes and reflection phases of the unit cells of the PGM are shown in Fig. 5(a) and Fig. 5(b) , respectively. The simulation model for the unit cell of PGM is inset in Fig. 5(a) . The incident wave propagates from Port 1 to Port 2. The unit cell has three layers and the square patch is printed on the first layer when seen by the incident wave. The length of the metallic ground plane is the same as the period of the unit cell. It can be seen from and y-polarization (cross-polarization RCS) in the xoz-plane are shown in Fig. 7(a) and Fig. 8(b) respectively. The microstrip antenna without PRS is selected as a reference antenna. For the x-polarized incident EM wave, the main lobe and pattern trough point to the directions of θ r = 14.5 • and 2 • , respectively. When the incident EM wave is y-polarized, the main lobe and pattern trough point to the directions of θ r = 13.5 • and −2 • , respectively. As a result, both the co-polarization and cross-polarization RCS of the proposed F-P antenna are significantly reduced. According to Fig. 6 , the main lobe and pattern trough should point to the directions of θ r = 18 • and 0 • . The small differences between the simulated results and theoretical values result from the influence of the microstrip antenna. The reasonable agreement between the simulated results and theoretical values indicates the validity of the mechanism of in-band RCS reduction.
Although the aforementioned discussion focuses on a single frequency point, it can be also applied to wideband RCS reduction so long as the unit cells of the PGM have a phase difference. As shown in Fig. 5(b) , the unit cells of the proposed PGM have phase differences in a broad band, which contributes to a broadband RCS reduction. Fig. 8 shows the monostatic RCS comparison between the proposed F-P antenna and reference antenna under normally incident EM waves with x-and y-polarization. It can be seen that the RCS of the proposed F-P antenna is reduced from 7GHz to 11GHz for both x-and y-polarized incident waves. With the decreasing of the phase gradient, the value of RCS reduction decreases as well.
In order to investigate the RCS characteristics of the proposed antenna for oblique incident waves, the monostatic RCS of the reference antenna and proposed antenna without MA in the xoz-plane under the ϕ-polarized and θ -polarized incident waves is given in Fig. 9 . It can be seen that the monostatic RCS of the proposed antenna is reduced in the angle range from −6
• to 4 • and −7
• to 6 • under the ϕ-polarized and θ -polarized incident waves respectively.
In this section, a low-RCS F-P antenna based on PGM without MA is proposed. By using the proposed PGM structure, the in-band RCS of the proposed antenna is significantly reduced for both co-and cross-polarized incident EM waves while maintaining a very high gain. What's more, the out-of-band RCS is also reduced from 7GHz to 11GHz. In order to widen the bandwidth of RCS reduction, another PGM-consisting MA structure is proposed and applied to the F-P antenna in the next subsection.
C. DESIGN OF THE F-P ANTENNA BASED ON PGM STRUCTURE WITH MA
The side view of the proposed F-P antenna based on PGM with MA structure is shown in Fig. 10(a) . The top view of the unit cell on the upper superstrate is shown in Fig. 10(b) . A metallic square loop with four resistors mounted on each side of the loop is printed on the top layer of the upper superstrate S u−MA . The resistance of all of the resistors is 150 . The different parameters of the F-P antenna based on PGM with MA from those of the antenna without MA are shown in Table 2 .
The two layers of superstrates work as a partially reflective surface when seen by the microstrip antenna. The simulation model for the unit cell is inset in Fig. 11(a) and the incident wave propagates from Port 1 to Port 2. It can be seen from Fig. 11 that the size of the square patch has little influence on VOLUME 7, 2019 the S-parameters of the reflective surface at 8.4GHz although the MA structure has been added. Fig. 12(a) and Fig. 12(b) show the reflection magnitudes and reflection phases of the unit cells of the PGM with MA, respectively. Unlike the PGM without MA, the reflection magnitudes of the PGM with MA changes greatly with the variation of W m , as shown in Fig. 12(a) . What's more, the reflection magnitudes are small in the frequency range from 9GHz to 15GHz and there is hardly any transmitted energy owing to the existing of the metallic ground, which indicates a good absorbing property. As a result, the incident wave in this frequency range can be absorbed by the proposed PGM and the out-of-band RCS reduction of the proposed antenna can be realized. In order to obtain a good RCS reduction while maintaining the radiation performance, the reflection phases ϕ are optimized as follows: ϕ = −218. In order to investigate the effect of the value of the resistors on the reflection characteristics of the unit cell, Fig. 13 shows the reflection magnitudes and phases of the unit cell with different resistances of the resistors when Wm = 9 mm. It can be seen that when the resistance decreases from 200 to 100 , the absorbing bandwidth increases. However, the linearity of the reflection phase gets worse when the resistance is 100 , which is not suitable for wideband RCS reduction. So the value of 150 is fanally selected as the resistance of the resistors.
The S11 and radiation patterns of the F-P antenna based on the PGM with MA are given in Fig. 14 . It can be seen that the −10 dB impedance bandwidth is about 100MHz (from 8.36 to 8.46 GHz) and in this frequency range the gain of the antenna is higher than 16.75dB. The antenna has a peak gain of 17.9dBi at 8.4 GHz. The gain of this antenna decreases 1.3 dB when compared with that of the antenna proposed in the previous section. The reason is that the two layers of superstrates absorb some of the EM waves radiated from the microstrip antenna. Although the gain of the antenna decreases, its aperture efficiency is still 43.3%, which is higher than most of the other low-RCS F-P antennas with MA in previous literature.
Bringing the reflection magnitudes and phases of the PGM with MA into equation (3), the normalized array factor f a in the xoz-plane is given in Fig. 15 . It can be seen that the main beam and pattern trough point to the directions of θ r = 11 • and -4 • respectively. The bistatic in-band RCS of the proposed antenna for a normally incident EM wave with x-and y-polarization in the xoz-plane is shown in Fig. 16(a) and 16(b) , respectively. For the x-polarized incident EM wave, the main lobe and pattern trough point to the directions of θ r = 11 • and −1 • respectively. When the incident EM wave is y-polarized, the main lobe and pattern trough point to the directions of θ r = 10 • and −3 • respectively. Reasonable agreement between the simulated results and theoretical values is obtained.
The RCS comparison between the proposed F-P antenna with MA and reference antenna under normally incident EM waves with x-and y-polarization is shown in Fig 17. It can be seen that the RCS of the proposed F-P antenna is reduced from 7GHz to 15GHz for both x-and y-polarized incident waves. The out-of-band RCS reduction of the proposed antenna is realized by utilizing the absorbing property of the MA. Fig. 18 shows the monostatic RCS of the reference antenna and proposed antenna with MA in xoz-plane under oblique incident EM waves with ϕ-and θ-polarization. It can be seen that the monostatic RCS of the proposed antenna is reduced in the angle range from −6
• to 7 • and −7
• to 6 • under ϕ-polarized and θ -polarized incident waves, respectively. 
III. EXPERIMENTAL RESULTS OF THE PROPOSED ANTENNAS
In order to validate the simulated results, a prototype of the proposed F-P antenna based on PGM with MA is fabricated and measured. The fabricated F-P antenna has the same dimensions as those listed in Table 2 , as shown in Fig. 19 . The S11 of the fabricated antenna is measured using the vector network analyzer Agilent N5230C, and the radiation characteristics are measured in the anechoic chamber.
The simulated and measured S11 is shown in Fig. 20 . It can be seen that the measured −10 dB impedance bandwidth is 150MHz (from 8.37 to 8.52GHz) and the resonant frequency slightly shifts to a higher frequency. It may be caused by the fabrication and installation errors. Fig.21 shows the radiation patterns in the xoz-and yoz-plane. It can be seen that a reasonable agreement between the measured and simulated results is obtained.
The RCS of the proposed antenna is measured in a microwave anechoic chamber. Displayed in Fig. 22(a) is the schematic view of the experimental setup. The measured and simulated RCS of the proposed F-P antenna with MA for normal impinging plane waves with x polarization is given in Fig. 22(b) . It can be seen that the RCS is significantly reduced from 8GHz to 16GHz and a reasonable agreement between the simulated and measured results is obtained, which indicates good scattering performance of the proposed antenna. Table 3 represents the comparison of the simulated peak gain (aperture efficiency) and RCS reduction among previously reported low-RCS F-P antennas and the two antennas proposed in this work. It can be seen that the aperture efficiency of the proposed antenna without MA is 58.6%, which is higher than that of the F-P antennas with/without MA proposed in [14] - [18] . The F-P antenna in [17] has a higher efficiency, but it doesn't achieve good in-band copolarization RCSR. In [18] , the presented F-P antenna can realize both in-band co-polarization and cross-polarization RCSR. However, its aperture efficiency is much lower than that of the proposed antenna in this work. According to the above comparison, it can be seen that the proposed F-P antenna in this paper can realize both in-band co-polarization RCSR and high gain simultaneously.
IV. CONCLUSION
In this paper, two high-gain and low-RCS F-P antennas have been proposed. We presented a new method to reduce both the co-and cross-polarization RCS of the proposed antennas in and out of their operating frequency band by utilizing the specially designed PGM with and without MA. Because the proposed PGM hardly absorbs EM waves in the antenna operating band whether or not there is MA, the two antennas can obtain high aperture efficiencies of 58.6% and 43.3% respectively. The in-band co-polarization RCSR values are 13.1dB and 24.8dB for the cases with and without MA structure, respectively. For out-of-band RCS, the antenna with MA can obtain an average reduction of 9.9dB due to the absorbing property of MA. Owing to the advantages of the proposed antennas, such as low RCS and high gain/aperture, it's believed that they will find potential applications in automotive radars and satellite communications on lowobservable platforms. He is currently an Antenna Engineer with the Beijing Electro-Mechanical Engineering Institute. His research interests include planar antennas and phased-arrays, and passive microwave circuits. VOLUME 7, 2019 
